Effects of phosphoramide mustard and acrolein, cytotoxic metabolites of cyclophosphamide, on mouse limb development in vitro.
Phosphoramide mustard and acrolein are toxic and reactive metabolites of the widely used anticancer drug and known teratogen cyclophosphamide. To study the mechanism(s) involved and to determine which of the active metabolites of cyclophosphamide is responsible for the production of limb malformations, the effects of exposure of cultured limb buds to phosphoramide mustard and acrolein were investigated. Fore- and hindlimbs were excised from ICR mice on day 12 of gestation and cultured in roller bottles for 6 days. Limbs were exposed to either phosphoramide mustard or acrolein (10 or 50 micrograms/ml) for the first 20 hours of the culture period. Exposure to phosphoramide mustard produced limb reduction malformations in both the fore- and hindlimbs; total limb bone area was greatly reduced, while the relative contribution of the paw to this area in forelimbs was increased. There was a fourfold reduction in both DNA and RNA; protein content was reduced only by one-half. Alkaline phosphatase activity was significantly decreased in fore- and hindlimbs exposed to phosphoramide mustard, whereas creatine phosphokinase activity was only reduced in hindlimbs in the limbs exposed to the higher concentration of phosphoramide mustard. Exposure to acrolein also produced malformed limbs with a mangled appearance; however, total limb bone area and the relative contribution of the long bones versus paw structures were not altered. Acrolein exposure had little effect on growth parameters such as DNA (decreased only in hindlimbs exposed to 50 micrograms/ml), RNA (increased in hindlimbs exposed to 50 micrograms/ml), or protein content. Alkaline phosphatase and creatine phosphokinase activities were not altered in acrolein-exposed fore- or hindlimbs. Thus, phosphoramide mustard and acrolein have dramatically different effects on developing limbs in vitro; this observation may indicate that they have different targets and/or mechanisms of action as teratogens in the limb. The effects of phosphoramide mustard are very similar to those of "activated" cyclophosphamide (4-hydroperoxycyclophosphamide).